Abstract Marine algicolous fungi refer to the fungi inhabiting or associated with marine algae, which have attracted a great attention for natural product researchers due to their chemical diversity and biological activity during the past two decades. Up to the end of 2014, a total of 366 new natural products, including polyketides, terpenoids, polyketide-terpenoids, peptides, alkaloids, and shikimate derivatives, have been characterized from them. Among these metabolites, 240 compounds feature cytotoxic, antibacterial, antifungal, antimicroalgal, zooplankton-toxic, antiprotozoal, antioxidative, enzyme-modulatory, and/or some other activities. This review gives a comprehensive coverage of both chemical and biological aspects of the secondary metabolites from marine algicolous fungi.
Introduction
Marine algicolous fungi (MAFs) represent an ecologically defined group of marine-derived organisms, which mainly refer to the filamentous fungi inhabiting or associated with marine algae and exclude those from seagrasses, such as Posidonia oceanica (Panno et al. 2013) , Thalassia hemprichii (Arunpanichlert et al. 2011) , and Zostera marina (Smetanina et al. 2011; Miao et al. 2014b) , undefined marine plant materials (Jenkins et al. 1998a) , and freshwater algae (Stierle et al. 2014) . These fungi reside in the inner tissues as endophytes or on the surfaces as epiphytes of marine algae, which may form parasitic, saprobic, symbiotic, pathogenic, or asymptomatic associations with their algal hosts (Kohlmeyer 1979; Raghukumar 2006; Ramaiah 2006; Suryanarayanan 2012) . Most of them belong to the Ascomycota and anamorphic taxa, and their distribution is possibly controlled by algal metabolites, temperature, salinity, and pH Suryanarayanan 2012; Abdel-Gawad et al. 2014) .
Among the vast and diverse marine organisms, fungi have been reputed to be the prolific source of structurally unique and biologically active secondary metabolites, with more than 1000 new compounds being characterized Saleem et al. 2007; Rateb and Ebel 2011; Zhu and Wang 2011; Zhao et al. 2013; Blunt et al. 2015) . According to previous reports Rateb and Ebel 2011) , over 20 % of them were produced by MAFs. However, the number of new natural products from MAFs increased to 366 to date, which along with the known ones have been described in 180 publications (Fig. 1) . On the other hand, most of the new metabolites were reported to possess one or more kinds of bioactivities in various degrees (Fig. 2) . Herein, these secondary metabolites are elaborated in detail from chemical and biological perspectives, with emphases on the compounds possessing unique structures and high activities.
Verrucaria, Xenus, Zalerion, etc. (Schatz 1984; Jones et al. 2009 ). Most of these fungi have been recognized from Phaeophyta and Rhodophyta, and some feature high specificity for their algal hosts Jones et al. 2009 ). Especially, several of them are even obligate parasites, such as Spathulospora spp., Didymella fucicola, and Phycomelaina laminariae (Schatz 1984; Nakagiri and Ito 1997; Zuccaro et al. 2008) , and obligate symbionts (mycophycobioses), such as Mycophycias ascophylli and Blodgettia confervoides (Xu et al. 2008a; Jones et al. 2009 ).
Little attention has been paid to the diversity of endophytic and epiphytic fungi from marine algae. Suryanarayanan (2012) summarized 55 genera of endophytes, with ascomycetous and anamorphic species being predominant. They might live outside algal cells or penetrate their walls (Jones et al. 2008) . Among them, obligate marine fungi, such as Lindra sp., Lulworthia sp., and Corollospora sp. occurred in low frequency (Zuccaro et al. 2003 (Zuccaro et al. , 2008 . As opposed, facultative marine fungi of the genera Aspergillus, Alternaria, Chaetomium, Cladosporium, Fusarium, Paecilomyces, and Penicillium were commonly encountered, which could colonize taxonomically disparate algae. Rather than the generalist endophytes of terrestrial plants, such as Phyllosticta spp., Pestalotiopsis spp., Phomopsis spp., and Colletotrichum spp., Aspergillus spp. dominated the endophyte assemblage of some algae, which might suggest their adaptation and coevolution with algal hosts (Suryanarayanan et al. 2010) . Furthermore, the coevolution was supported by the genetic variations in a single morphological species, affected by geographic distribution and algal hosts (Harvey and Goff 2010) . On the other hand, Abdel-Gawad et al. (2014) described 100 epiphytic isolates in 25 genera, with ascomycetes dominating the community. Their assemblage also mainly comprised a few indiscriminate taxa. The genera Acremonium, Alternaria, Aspergillus, Cladosporium, and Penicillium prevailed over the others, and Aspergillus flavus, A. niger, Cladosporium psychrotolerans, Penicillium miczynskii, Rhizopus oryzae, and Syncephalastrum racemosum occurred frequently on different algal groups. Despite few in number and diversity, most marine chytrids were associated with algae, of which an obligate parasite, Chytridium polysiphoniae, appeared as an epiphyte on the red alga Centroceras clavulatum (Raghukumar 1986 (Raghukumar , 2006 . Among the marine algae screened, brown and red algae supported the high diversity of endo phyte s and epiph ytes, re spec t iv ely (Suryanarayanan et al. 2010; Abdel-Gawad et al. 2014) .
Totally, more than 150 known fungal species with high or low host specificity have been disclosed from marine algae, which along with the unidentified ones can be grouped into at least 80 genera. Although Chytridiomycota, Zygomycota, and Basidiomycota (Porter and Farnham 1986) have been encountered, they are much less than Ascomycota and anamorphic taxa. A few facultative marine fungi, such as Aspergillus terreus and A. niger, without host specificity tend to dominate the fungal community, but obligate ones may replace their position in some algae (Zuccaro et al. 2003 (Zuccaro et al. , 2008 . It is difficult to give an unambiguous conclusion based on the limited data, because the occurrence of MAFs varies with their adaptation and antagonism. In view of the high number of marine algae and fungi (Jones 2011) , current knowledge on MAFs is still incomplete, and, especially, the relationship among these fungi and their interaction with algal hosts remain little understood.
Chemical investigation
MAFs have attracted much attention for natural product research in the last two decades or so Jia et al. 2006; Jones et al. 2008; Rateb and Ebel 2011) , and the original chemical survey was reported in 1993 (Numata et al. 1993) . Although two previous articles possibly related to an algicolous fungus, its source was not clarified therein (Guerriero et al. 1988 (Guerriero et al. , 1989 . Additionally, the compounds produced by chemical derivatisation or biotransformation using MAFs (Koshimura et al. 2009; Sultan et al. 2014 ) and possibly obtained from culture media or industrial materials were not taken into account. Apart from the confusing sources, 142 fungal strains including 56 endophytic, 38 epiphytic, and 48 uncertain-sourced ones were chemically examined, with 72 being facultative marine fungi and only four being obligate ones. Among them, 46 genera and 51 species have been identified, of which Ascochyta salicorniae, Asteromyces cruciatus, Phaeosphaeria spartinae, and Varicosporina ramulosa are obligate marine species. Aspergillus including A. carneus, A. flavus, A. insulicola, A. niger, A. ochraceus, A. parasiticus, A. pseudodeflectus, A. sydowii, A. terreus, A. ustus, A. versicolor, A. wentii, and 11 unidentified species represents the most prolific genus, followed by Penicillium, Chaetomium, Fusarium, Phoma, Trichoderma, Acremonium, Alternaria, Beauveria, and Cladosporium (Fig. 3) . As a whole, these genera almost match those commonly isolated in the research on fungal diversity, though chemical studies may aim at the fungi with high structural diversity and biological activity. The chemically investigated MAFs were isolated from 49 algal genera except for 16 unidentified ones, comprising green, brown, and red algae as well as a cyanobacterium. Among them, red algae provided 46 fungal strains with 23 genera and 21 species being identified, which are comparable to those from green algae. Despite the low numbers of fungal strains (38), species (15), and genera (16) from brown algae, Sargassum dwarfs all the other genera in contributing MAFs (Fig. 4) . Both Aspergillus and Penicillium strains are enriched in green, brown, and red algae, but their species vary with algal phyla. For example, Aspergillus terreus isolated only from red algae has been chemically examined, though it occurred widely as endophytes and epiphytes (Suryanarayanan et al. 2010; Abdel-Gawad et al. 2014) . Additionally, green algae seem devoid of Phoma, and no Chaetomium and Trichoderma species have been isolated from brown algae for chemical studies. However, these differences might arise from the occasionality and selectivity of chemical survey by comparison with the diversity investigation.
Overall, a total of 366 new and 496 known secondary metabolites have been isolated and identified from MAFs. Macroalga-derived (Fig. 5) , endophytic (Fig. 6) , and facultative marine (Fig. 7) strains are the predominant producers of new metabolites within their respective category, regardless of the unidentified and uncertain-sourced ones. Although only 16 new compounds have been yielded from four obligate marine fungi, the high probability signifies their extraordinary productivity (Table 1) . Compared to the fungal diversity given by the mycological community, most of the chemically investigated MAFs are facultative marine species with loose host affiliation. They almost agree with the commonly isolated Number of fungal strains
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Fungal Diversity (2016) 80:301-342 ones in the diversity research, but much less true marine fungi are involved. Chemical studies rely on isolation and cultivation, which undoubtedly preclude the obligate parasites and symbionts. Thus, current studies may just reflect the chemical diversity of facultative MAFs to some extent, rather than the host-specific and obligate marine species.
Structural classification
Secondary metabolites of MAFs exhibit a high structural diversity, which may be categorized into polyketides, terpenoids, polyketide-terpenoids, peptides, alkaloids, and shikimate derivatives according to their main scaffolds and putative biogenetic origin (Rateb and Ebel 2011) . Among them, the halogenated (chlorinated and/or brominated) metabolites account for 6.0 %, lower than the proportions in red algae, green algae, and sediment-derived microbes and higher than those in brown algae, mangrove-, sponge-, and coral-derived microbes as well as the whole investigated organisms (Cabrita et al. 2010; Gribble 2010; Wang et al. 2013; Zhao et al. 2013; Ji and Wang 2014) . On the other hand, the sulfur-and nitrogen-containing metabolites account for 7.7 and 36.1 %, respectively. Apart from diketopiperazines, depsipeptides, and other linear/cyclic peptides, the metabolites with the presence of one or more nitrogen atoms in main scaffolds, including indole terpenes and sphingolipids, constitute the alkaloid group, despite polyketide synthase (PKS), mevalonate, and/ or shikimate pathways being often involved in their biosyntheses. Except for the terpenoids substituted by fatty or aromatic acids, the metabolites constructed by both polyketide and terpenoid/prenyl moieties are ascribed to the group of polyketide-terpenoids, which includes a heterodimer, meroterpenoids, and prenylated polyketides. Compared to the new compounds from all marine-derived fungi (Rateb and Ebel 2011) , those from MAFs contain the slightly lower ratio of polyketides (35.5 %) and higher ratio of terpenoids (18.9 %) (Fig. 8 ).
Structure and bioactivity Polyketides
MAFs produced polyketides (1-130, Table 2 ) through PKS pathways in far greater number than any other group, and the high structural diversity makes much difficulty for their further classification. Among these, 12.3 % are brominated and/ or chlorinated ones, such as 2, 3, 16, 29, 30, 39, 40, 50, 60, 62, 64, 65, 68, 69, 73 , and 114, the number of which exceeds that of all the other classes. Two (39 and 40) of them showed scavenging activity against 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals with IC 50 values of 3.8 and 3.9 μM, respectively (Nenkep et al. 2010a) . It is worth mentioning that several polyketides feature unique backbones. For example, ascospiroketals A (32) and B (33) yielded by the obligate marine fungus Ascochyta salicorniae are characteristic of the presence of two additional carbon atoms bonded to C-2. Penostatins A-I (51-59) with an octahydro-1H-indene core identified from Penicillium sp. represent a new type of polyketides. Iwamoto et al. 1998 Iwamoto et al. , 1999 . Additionally, penostatin C (53) was evaluated to be toxic to human breast tumor cell lines BSY-1 and MCF-7, colon cancer cell line HCC2998, lung cancer cell lines NCI (National Cancer Institute)-H522 and DMS114, ovary cancer cell line OVCAR-3, and stomach cancer line MKN1 with ED 50 values ranging from 4.9 to 7.7 μM (Iwamoto et al. 1999) .
As the simple derivatives of fatty acids, eight new acyclic oxylipins (1) (2) (3) (4) (5) (6) (7) (8) were identified. Halymecin A (4) possesses antimicroalgal activity against Skeletonema costatum with an MIC value of 4 μg/mL, and it is also active to human cervix carcinoma cell line Hela S3 and mouse embryonic fibroblast cell line Balb 3 T3 with IC 50 values of 6 and 7 μg/mL (7.5 and 8.7 μM), respectively (Chen et al. 1996) .
Lactone units occurred in over one third of all the polyketides, including two dilactones (19 and 20) from the obligate marine fungus Varicosporina ramulosa and several furan-α-one and pyran-α-one derivatives, such as 10-12, 23-31, and 70-75. Compound 12 inhibited tyrosinase with an IC 50 value of 4.5 μM (Zhang et al. 2007b) , and 24 significantly induced Chinese hamster ovary (CHO) and human embryonic kidney cells (HEK293) transfected by G protein-coupled receptor GPR12 to produce cAMP in a dose-dependent manner at around 1 μM (Lin et al. 2008b) . Relative to pyrenocine A, its C-11 methylated derivative pyrenocine E (27) displayed a low activity against P388 cells with an ED 50 value of 1.30 μg/mL (5.41 μM) (Amagata et al. 1998 ). In addition to decalactones 13-16, 44, and 45, a series of macrolides, including sporiolides (17 and 18), lasiodiplodins (83 and 84), curvularins (86-92), and apralactone A (85), were also described. It should be noted that 85 represents the first 14-membered phenyl acetic acid macrolide with a 4-chromanone unit, and 86-91 were elucidated to be the antipodes of previously isolated curvularins by analysis of their specific optical rotation ([α] D ) values and electronic circular dichroism (ECD) spectra. Sporiolides A (17) and B (18) exhibited potent cytotoxicity against murine lymphoma cell line L1210 with IC 50 values of 0.13 and 0.81 μg/mL (0.37 and 3.14 μM), respectively, and the benzoyl group contributes more than the methyl group (Shigemori et al. 2004 ). Macrolides 85, 86, and 88-90 showed cytotoxicity against various cancer cell lines, including bladder, glioblastoma, colon, stomach, head & neck, lung, breast, melanoma, ovary, pancreas, prostate, mesothelioma, kidney, and uterus ones, and 86 outstood with an mean IC 50 value of 1.25 μM (Greve et al. 2008a ).
Compared to the low portion of aromatic polyketides from marine algae, more than a half of the polyketides from MAFs feature one or more phenyl groups (60-130). Of those, four naphthalene-bearing compounds (102-105) and two perylene derivatives (109 and 110) were identified. As the typical polyketides, a variety of new xanthone (97-99 and 111-120), benzophenone (121 and 122), anthraquinone (100, 101, and 123-125), depsidone (126 and 127), isochroman (73, 74, 79, 80, and 96) , and chromone (76-78, 106-108, and 128-130) derivatives were produced by MAFs, but most of these structural types rarely occurred in the hosts and other marine algae. [106] [107] [108] 120 , and 121 were assayed for cancer chemopreventive activity through modulating drug-metabolizing enzymes, including cytochrome P-450 1A (CYP1A) and quinone reductase (QR). As a result, 98 outstood as the most active inhibitor of CYP1A with an IC 50 value of 3.0 μM, and 106 required a concentration of 5.3 μM to double the specific activity of QR Pontius et al. 2008b Pontius et al. , 2008c Plasmodium falciparum with an IC 50 value of 0.5 μg/mL (1.4 μM), and 114 inhibited Trypanosoma cruzi with an IC 50 value of 1.5 μg/mL (3.8 μM) (Pontius et al. 2008a ).
Terpenoids
Terpenoids synthesized by mevalonate pathways are recognized as the most prolific metabolites of marine algae, and they remain enriched in MAFs. Up to now, 69 new terpenoids (131-199, Table 3 ), including steroids, with 21 frameworks were obtained from MAFs, but none of them are halogenated. Although some of these terpenoids appear similar to the marine alga-derived ones, it is still difficult to propose the metabolic relationship between marine algae and their associated fungi. Among these terpenoids, sesquiterpenes exhibit higher number and diversity than the others. Apart from the irregular sativane (142), isosativane (133), secosativane (135, 136, 138-141, and 143) , and norsecosativane (134 and 137) derivatives from Drechslera spp., MAFs also produced botryane (144-154), cadinane (155-158), drimane (159-167), eudesmane (168 and 169), and snyderane (132) sesquiterpenes. Concerning the nitrogen-bearing drimanes 163-167, they were all produced by Aspergillus species, each featuring a p-nitrobenzoyl group. Cadinane and snyderane sesquiterpenes were rarely encountered in fungi, but they along with drimane and eudesmane derivatives often occurred in some marine algae. Responsible for the cytotoxicity of Aspergillus versicolor CNC 327, insulicolide A (163) displayed a mean LC 50 value of 1.1 μg/mL (2.5 μM) toward the NCI's 60 cell lines. Breast cancer cell line BT-549 appeared the most sensitive to 163 with an LC 50 value of 0.27 μg/mL (0.63 μM), which also selectively inhibited renal cancer cell lines 786-0, ACHN, CAK-1, TK-10, and UO-31 with LC 50 values ranging from 1.09 to 1.32 μM. Moreover, its toxicity to HCC2998, colon cancer HCT116, and central nervous system (CNS) cancer SNB-75 cells is comparable to that of etoposide (Belofsky et al. 1998) . Against human H1975 (lung cancer), U 9 3 7 ( l e u k e m i c m o n o c y t e l y m p h o m a ) , K 5 6 2 (erythroleukemia), BGC-823 (grastic cancer), Molt-4 (acute lymphoblastic leukemia), MCF-7, A549 (lung cancer), Hela, HL60 (promyelocytic leukemia), and Huh-7 (hepatocarcinoma) cells, 167 exhibited the similar activity to 163, which suggests the position of the p-nitrobenzoyl group to be irrelevant to their cytotoxicity (Fang et al. 2014) . Additionally, 167 also showed antiviral ability against human enterovirus 71 (EV71) with an IC 50 value of 9.4 μM (Fang et al. 2014) .
In addition to the unusual pimarane derivatives (177-183), diterpenes from MAFs can be divided into phomacin (170-176), Helgoland, Germany cyclopiane (184 and 185), and harziane (186) groups, which are peculiar to only several fungal genera. Aspewentins A (178) and B (179) represent the first two naturally-occurring aromatic norisopimarane diterpenes. They along with aspewentin C (180) showed antimicroalgal activity against Chattonella marina, Heterosigma akashiwo, and Alexandrium sp., and the most sensitive species C. marina can be inhibited by 178 with an LC 50 value of 0.81 μM . Additionally, 179 also exhibited brine shrimp (Artemia salina) lethality with an LC 50 value of 6.36 μM ).
Ophiobolins are regarded as a typical family of fungal sesterterpenes, with five new members (187-191) being produced by a green alga-endophytic strain of Aspergillus ustus. Monoterpenes rarely occurred in fungi, but an acyclic representative (131) was yielded by the red alga-endophytic (202), and austalide (203-212) families and were all produced by the facultative marine species of Aspergillus and Penicillium. Moreover, it is interesting that their congeners were unexceptionally obtained from these two fungal genera. Although marine algae also contributed a large number of meroterpenes, none of them can be ascribed to these three types. Austalides 203-211 were evaluated for the inhibitory effect on an endo-1,3-β-D-glucanase from a crystalline stalk of the marine mollusk Pseudocardium sachalinensis, and two (206 and 211) of them outstood with an IC 50 value of 0.01 μM (Zhuravleva et al. 2014) .
Regarding the prenylated polyketides (213-236), they feature one to three prenyl groups attached to polyketide moieties. Phenylphenalenone derivatives (221-229) isolated from the facultative marine fungus Coniothyrium cereale make up a representative type of them, with a methylated prenyl unit being present in 227. Of them, coniosclerodin (221) inhibited human leukocyte elastase (HLE) with an IC 50 value of 7.2 μM (Elsebai et al. 2011a) , and (−)-trypethelone (228) exhibited cytotoxicity against mouse fibroblast cells with an IC 50 value of 7.5 μM (Elsebai et al. 2011b ). Most of the others are constructed by prenylation of common polyketide skeletons, including fatty acid (213-218), isochroman (231), benzaldehyde (233), benzophenone (234 and 235), and depsidone (236). Pestalone (234) represents the only halogenated structure of this class, which possesses moderate activity against the NCI's cell lines with a mean GI 50 value of 6.0 μM (Cueto et al. 2001) . Moreover, it also s i g n i f i c a n t l y i n h i b i t e d v a n c o m y c i n -r e s i s t a n t Enterococcus faecium (VREF) and methicillin-resistant Staphylococcus aureus (MRSA) with MIC values of 0.078 and 0.037 μg/mL, respectively (Cueto et al. 2001) . It should be noted that the aromatic rings, degraded sometimes, seem liable to be prenylated directly or through an oxygen atom, and these combinations even led to unique skeletons, such as 219, 220, and 232.
Peptides
As the metabolites formed mainly via nonribosomal peptide synthetase (NRPS) pathways, 59 new peptides (237-295, Table 5 ), containing diketopiperazines and depsipeptides, were isolated and identified from MAFs. Among these peptides, five linear members comprising two dodecapeptides (237 and 238), two terpeptin analogues (239 and 240), and one chlorinated dipeptide (241) were described, which account for only 8.5 % of this class. JBIR-81 (239) and JBIR-82 (240) showed protective activity against L -glutamate toxicity in N18-RE-105 cells with EC 50 values of 0.7 and 1.5 μM, respectively, which are much more effective than a representative antioxidant, α-tocopherol (Izumikawa et al. 2010) . Trichodermamide B (241) appeared cytotoxic to HCT116 cells with an IC 50 value of 0.32 μg/mL (0.71 μM) (Garo et al. 2003) .
A total of 42 diketopiperazines (242-283) were obtained, with a high proportion of dimers (256-258 and 262-283) . Based on a chemical synthesis, the absolute configurations at C-2, C-3, C-3′, and C-9 of cristatumin C (283) were reassigned to be 2R, 3R, 3′R, and 9S, which reflected the incapability of spectroscopic techniques to completely elucidate this type of structures (Lorenzo et al. 2014) . Among them, 249 significantly inhibited the rice-blast pathogen Pyricularia oryzae by curling and swelling effect (MIC 0.13 μg/mL), which might be developed as a valuable agent to control the rice blast disease (Byun et al. 2003 Yantai, China
Enzyme-inhibitory Qiao et al. 2011 potent. Furthermore, 242 was evidenced to be a cell cycle inhibitor and exhibited in vivo activity against P388 leukemia and Lewis lung carcinoma cells (Kanoh et al. 1997 (Kanoh et al. , 1999 . [262] [263] [264] [265] [268] [269] [270] , each featuring two sulfur bridges, exhibited extreme activity against P388 cells with ED 50 values ranging from 0.0023 to 0.0057 μM (Table 6 ) (Takahashi et al. 1994a (Takahashi et al. , b, 1995a Yamada et al. 2002 Yamada et al. , 2004 . In order to explore the cytotoxic mechanism of leptosins, their effect on DNA topoisomerases (topo) I and II and cell apoptosis was investigated. As a result, leptosins C (258) and F (261) were found to be catalytic inhibitors of topo I and be able to inhibit the Akt pathway. Especially, 258 possesses the in vivo catalytic inhibition of topo I and can induce apoptosis in RPMI8402 cells by accumulation of cells in sub-G1 phase, activation of caspase-3, and degradation of chromosomal DNA (Yanagihara et al. 2005) . Additionally, leptosin M (271) showed appreciable inhibition of a panel of human cancer cell lines from breast, CNS, colon, lung, melanoma, ovary, kidney, stomach, and prostate with a mean GI 50 value of 5.62 μM (Yamada et al. 2002) . Their analogues 280 and 281 are potent to inhibit HCT116 cells with an IC 50 value of 30 ng/mL (0.045 μM) (Son et al. 1999 ), but cristatumin E (282) devoid of sulfur bridges is moderate to inhibit K562 cells with an IC 50 value of 8.3 μM and atoxic to MCF-7 cells . Five other cyclic peptides (284-288) with three to seven amino acid units and seven cyclic depsipeptides (289-295) with one (292) being chlorinated were produced by the species of Aspergillus, Asteromyces, Beauveria, Emericella, Fusarium, Gliocladium, Scytalidium, and Zygosporium. In the screening to NCI's 60 cell lines, scytalidamide A (287), scytalidamide B (288), N-methylsansalvamide (289), and zygosporamide (290) showed mean GI 50 values of 7.9, 4.1, 8.3, and 9.1 μM, respectively (Tan et al. 2003; Cueto et al. 2000; Oh et al. 2006) . Especially, 290 possesses high selectivity to inhibit CNS cancer cell line SF-268 and renal cancer cell line RXF 393 with GI 50 values of 0.0065 and ≤0.005 μM, respectively (Oh et al. 2006) . Moreover, emericellamides A (294) and B (295) have potent ability to inhibit MRSA with MIC values of 3.8 and 6.0 μM (2.3 and 3.9 μg/mL), respectively (Oh et al. 2007) .
Almost three fourths of all the peptides feature one or two tryptophan residues, but none is contained in the cyclic depsipeptides. Occasionally, the nitrogen atom in indolyl group of tryptophan rather than that at α position links other amino acids, such as 246 and 284. Irregular amino acid residues and modified common ones are widely present and diversify the peptides. Especially, 13 (239, 240, 242, 243, [248] [249] [250] [251] [252] [253] [254] [255] , and 291) of them possess one to three prenyl groups attached to aromatic or heterocyclic moieties. In contrast, marine algae seem devoid of diketopiperazines, despite their production of a few cyclic peptides and depsipeptides. 
Alkaloids
A total of 68 nitrogen-bearing metabolites are classified as alkaloids (296-363, Table 7) , with only one (342) being halogenated. Although halogenated indole alkaloids were encountered in some marine algae (Güven et al. 2010) , they appeared absent in MAFs. On the other hand, it is worth mentioning that the presence of nitrogen atoms made the structural characterization of some alkaloids challenging. Several of them attracted much attention for total syntheses due to the unique structures, which even resulted in their stereochemical revisions, such as citrinadins A (303) and B (304) (Bian et al. 2013; Kong et al. 2013) . Indole alkaloids (296-324) make up the predominant part, consisting of indole diterpenes, cytochalasans, and other tryptophan derivatives. Several of them possess unusual frameworks, exemplified by 299-301, 303, 304, and 308. Aspererin (299) showed antimicroalgal activity against Heterosigma akashiwo with an EC 50 value of 3.4 μg/mL (9.0 μM) treated for 96 h , and citrinadin A (303) yielded an IC 50 value of 6.2 μg/mL (9.9 μM) against L1210 cells . Communesin B (301) featuring a 2,4-hexadienoyl group exhibited potent inhibition of P388 cells with an ED 50 value of 0.45 μg/mL (0.88 μM), which is more active than communesin A (300) with an ED 50 value of 3.5 μg/mL (7.7 μM) (Numata et al. 1993) . Penochalasins A1, B2, C3, and D (310-313) represent a unique type of cytochalasans, each with a pyrrolyl group in the macrocyclic moiety. Except for 323, cytochalasans were assayed for cytotoxicity against P388 cells, and 310-312 with ED 50 values ranging from 0.6 to 1.0 μM are more active than 313-317 with ED 50 values ranging from 3.4 to 6.3 μM Iwamoto et al. 2001) . Despite inactivity toward P388 cells, 320 and 321 showed inhibition of A549 cells with IC 50 values of 2.26 and 2.55 μM, respectively (Cui et al. 2010a) .
Other heterocyclic units, such as pyridyl (325 and 326), quinolyl (327 and 328), pyrimidyl (329-333), pteridyl (335), and triazolyl (336 and 337) groups, exist in 12 members of these alkaloids, with four (329-332) being probably derived from diketopiperazine precursors. Compounds 334 and 335 may be ascribed to the peptide class, but they feature high portions of irregular α-or β-amino acid units. Varioxepine A (329) is potent to inhibit Fusarium graminearum with an MIC value of 4 μg/mL A variety of pseudoalkaloids containing amine, imine, amide, and/or lactam group were described, and their scaffolds are usually formed through PKS, mevalonate, and/or shikimate pathways. Typically, four new sphingolipids (360-363) derived from aliphatic amino alcohols were obtained from two algicolous strains of common Aspergillus species, and one of them also produced steroidal alkaloid 359, a Diels-Alder adduct of ergosta-5, 7,14,22-tetraene-3β-ol and maleimide. (−)-Cereoaldomine (353), (−)-cereolactam (354), and conioimide (355) represent unprecedented structural types, which may be yielded by degradation of phenylphenalenone precursors. Among these, myrothenone A (343) significantly inhibited tyrosinase with an IC 50 value of 6.6 μM, which is more potent than kojic acid used currently for personal care (Li et al. 2005) . Compound 345 showed scavenging activity against DPPH radicals with an IC 50 value of 8.4 μM (Li et al. 2006a) , and 353-355 selectively inhibited HLE with IC 50 values of 3.01, 9.28, and 0.7 μM, respectively (Elsebai et al. 2011b (Elsebai et al. , 2012 . The cytotoxicity of 356 was illustrated by its effect on L-6 rat skeletal muscle myoblast cells with an MIC value of 3.7 μg/mL and 1 μM) , which also exhibited antiplasmodial activity against two strains (K1 and NF54) of Plasmodium falciparum with IC 50 values of 736 and 378 ng/mL (1.72 and 0.88 μM), respectively, and inhibited Trypanosoma cruzi with an MIC value of 1.1 μg/mL (Osterhage et al. 2000) . Moreover, 358 exhibited 61.8 % inhibition of A549 cells at 10 μM (Liu et al. 2011 ).
Shikimate derivatives
MAFs produced a small number of shikimate-derived metabolites, as is the case with the other marine-derived fungi. As discussed above, the shikimate-derived units are present in several alkaloids, such as 345-348. Apart from those, only three new members (364-366, Table 8 ) of this class were reported, and they were all yielded by the facultative marine 
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species, Aspergillus sydowii and A. terreus, from red algae. Among them, the chlorinated derivatives (364 and 365) account for a high ratio, and 366 considerably inhibited β-glucuronidase activity with an IC 50 value of 6.2 μM . It is interesting that some marine algae, especially those of the Rhodomelaceae , are productive of shikimate derivatives, but most of them are brominated. Regardless of the difference of halogen atoms, the halogenation of this class of metabolites seems to be relatively easy in marine algae and their associated fungi.
Metabolic relevance
It is well known that the same fungal species of different origin often features varied metabolic profiles, which may be caused by the effect of environmental factors on fungal gene clusters relating to secondary metabolism. Although most of the marine algicolous species discussed above had been found elsewhere and chemically examined, they further afforded lots of new secondary metabolites. Moreover, the metabolites even varied with algal species and locations. Despite the lack of direct evidences, the growth and metabolic specialty of MAFs may correlate with algal constituents and interact with commensal microbes to some extent (Kuwada et al. 2006 ; (Takahashi et al. 1994a (Takahashi et al. , b, 1995a Yamada et al. 2002 Yamada et al. , 2004 No.
ED 50 (10 −3 μM) Teuscher et al. 2006; Wang et al. 2013 ). However, most of the metabolites were produced under axenic or dixenic cultures, which also precluded the utilization and transformation of host metabolites (Koshimura et al. 2009 ). Although natural or artificial seawater was often used, the whole amount of their trace substances, such as bromides, appeared too low to be concentrated and play a role. These differences from true growth conditions probably resulted in the silence of some gene clusters and variation of secondary metabolites , and thus the obtained metabolites just partially reflected the actual secondary metabolism of MAFs.
In view of the difficulty in simulating the real habitats of MAFs, an available method to unequivocally reveal their secondary metabolites is to diversify the culture media and conditions. In order to stimulate the secondary metabolism of Asteromyces cruciatus, 14 conditions designed by changing media, states, periods, and temperatures, using UV-light exposure, and adding Pseudomonas fluorescens were assayed, and then a new pentapeptide (286) was obtained (Gulder et al. 2012) . Through the BOne Strain-Many Compounds( OSMAC) approach (Bode et al. 2002) , several new polyketides (28, 32, 33, 70 , and 71) and alkaloids (356 and 357) were yielded by Ascochyta salicorniae (Osterhage et al. 2000; Seibert et al. 2006a; , while the production of insulicolide A (163) by Aspergillus insulicola depended on the CYA medium (yeast extract 5 g/L and sucrose 30 g/L) rather than its origin (Rahbaek et al. 1997) . Penicillium sp. produced communesins (300 and 301) and penochalasins (310-317) in a seawater medium but penostatins (51-59) in a freshwater medium with 2 % malt extract replacing 0.5 % yeast extract (Numata et al. 1993 Takahashi et al. 1996; Iwamoto et al. 1998 Iwamoto et al. , 1999 Iwamoto et al. , 2001 ). In addition, the antibacterial, antifungal, and cytotoxic activities of the extracts of six MAFs, including Epicoccum nigrum, Xylaria psidii, Coniothyrium sp., and three unidentified ones, were also affected by medium salinities (Tarman et al. 2011) . Although the OSMAC strategy has been tentatively integrated into the studies of several algicolous strains, most of the other chemically investigated strains were cultivated under just a single condition. Thus, the effects of origins and conditions on secondary metabolism of MAFs are still not well defined.
Halides were supplemented into the culture media of MAFs to induce the production of secondary metabolites, especially halogenated ones. The addition of CaBr 2 to ferment a t i o n m e d i a r e s u l t e d i n t h e p r o d u c t i o n o f bromomethylchlamydosporols A (29) and B (30) by F u s a r i u m t r i c i n c t u m ( N e n k e p e t a l . 2 0 1 0 b ) , bromochlorogentisylquinones A (39) and B (40) by Phoma herbarum (Nenkep et al. 2010a) , and bromophenols 68 and 69 by Penicillium chrysogenum (Yang et al. 2010) . It along with NaBr induced Aspergillus sp. to produce bromophenols 64 and 65 (Leutou et al. 2013) , and the latter also promoted Dothideomycete sp. to yield 5-bromotoluhydroquinone (60) and 4-O-methyltoluhydroquinone (61) (Leutou et al. 2012) . In response to the elicitation by CuCl 2 , Pestalotiopsis sp. produced not halogenated metabolites but two nonhalogenated sesquiterpenes 168 and 169 (Wu et al. 2013 ). On the other hand, the co-cultures with other microbes also benefited the secondary metabolism of MAFs. A mixed fermentation of two Aspergillus strains from Sargassum sp. resulted in the production of cyclotripeptide 284 (Ebada et al. 2014a) , while the marine sediment-derived actinomycete Salinispora arenicola induced Emericella sp. to yield emericellamides A (294) and B (295) (Oh et al. 2007 ). Additionally, Aspergillus sp. and Pestalotia sp. produced steroid 198 and benzophenone 234, respectively, each fermented with the presence of an unidentified marine bacterium (Cueto et al. 2001 ; Ebada et al. Arugam Bay, Sri Lanka Enzyme-inhibitory Haroon et al. 2013 2014b). It should be noted that 234 possesses a high antibacterial potency, which may play an important role in response to the bacterial challenge (Cueto et al. 2001) . Moreover, chemical epigenetic manipulation has been developed as a valuable method to activate the silent pathways for fungal secondary metabolism (Cichewicz 2010) , and three new norisopimarane diterpenes (178-180) yielded through a cyptic pathway were obtained from Aspergillus wentii by addition of suberoylanilide hydroxamic acid (SAHA), a histone deacetylase (HDAC) inhibitor ). In summary, these attempts turned on some irregular pathways, which further demonstrated the metabolic specialty and diversity of MAFs.
Conclusion
Up to the end of 2014, natural product research on 142 strains of MAFs resulted in the isolation and identification of 366 new secondary metabolites, including 130 polyketides, 69 terpenoids, 37 polyketide-terpenoids, 59 peptides, 68 alkaloids, and three shikimate derivatives, with halogen-, sulfur-, and nitrogen-bearing ones accounting for 6.0, 7.7, and 36.1 %, respectively. Most of them came from macroalga-derived fungi, and endophytic ones with high productivity attracted more attention for the researchers. Moreover, facultative marine fungi contributed more than a half, and only four obligate marine species were chemically examined. On the other hand, 65.6 % of the new metabolites exhibited cytotoxic, antibacterial, antifungal, antimicroalgal, zooplankton-toxic, antiprotozoal, antioxidative, enzyme-modulatory, and/or other activities, but the majority of these assays were performed in vitro rather than in vivo. A large amount of them played a role at the relatively low concentrations, affording not only promising drug candidates but also valuable biocontrol agents. The abiotic stress and biotic challenge induced the production of some structurally unique and biologically active compounds, which are encouraged in the future research. Although various new metabolites and their bioactivities have been characterized, the metabolic significance and specialty of MAFs as well as their relationship with algal growth and metabolism remain unclear. There are a large number of marine algae with their associated fungi yet unexplored (Jones 2011) , and continuing efforts on MAFs along with OSMAC strategy and genome analysis will help to clarify these issues and provide more leading molecules for developing new medicines and functional agents.
